Imogolite, one of the aluminium silicates, has a nanotube structure and has been known to form gel under alkaline condition. Imogolite nanotubes were synthesized in an acidic solution with various tube lengths by controlling the aging time from 1 d to 14 d. The length of the nanotubes grew from 100 nm to several m as the aging time. Pure imogolite hydrogels were prepared by applying a salting-out method and centrifugation from its dispersed solutions with various tube lengths and solution pH. Imogolite hydrogel can be classified as the physically cross-linked one; the structure of the gel network is considered to be the entanglements and hydrogen bonding among nanotubes. The theoretical water contents of the prepared hydrogels were calculated as ∼99.7% in average. Gelation percentage significantly increased as the length of imogolite nanotubes. Whereas hydrogel prepared from 4 d aging sample showed the highest storage modulus of ∼970 Pa, it was found that the hydrogel could be prepared in the pH range from 6 to 10. The gel strength reached the highest value of 1000 Pa when the gel was prepared from the imogolite dispersed solution of pH 8. It could be explained by the surface charge variation of the imogolite.
Introduction
Imogolite is a nanosized tubular aluminium silicate with a chemical composition of SiO 2 ⋅Al 2 O 3 ⋅2H 2 O. It is found in volcanic soil and has been researched in the field of clay minerals and soil science. Its structure and surface chemistry have been studied and described by Cradwick et al. [1, 2] . The imogolite tube has a wall composed of single continuous sheet with gibbsite-like structure, with considerable numbers of hydroxyl groups on both inner and outer surface. The typical inner and outer diameters of the tube are 1.0 nm and 2.0-2.7 nm, respectively.
Synthesis procedure of the imogolite has been investigated by many researchers and, recently, one of the simple procedures has been successfully established [3] [4] [5] [6] [7] [8] . According to the synthesis method established by Suzuki et al. [8] , imogolite can be obtained with highly dispersed state in acidic solution. The imogolite in a dispersed solution shows unique properties such as flocculation behavior depending on pH or its concentration of the solution. It has been reported that imogolite dispersed solution form jelly-like substance (hydrogel) on alkalization with ammonia aq. This transparent gel formation is employed as the method of confirmation in imogolite synthesis as well as the turbidity measurement, since other by-products such as allophane do not form the gel [8, 9] . Hydrogels are quite attractive materials for various applications, especially in the biomedical field, since they are able to be injected into a defect site and to deliver medicines with a minimum operation [10] [11] [12] . Hydrogels are regarded to be able to serve as a suitable vehicle for a local delivery of appropriate growth factors and/or cells to facilitate tissue regeneration [13] . Another idea of its application is the supporting material for powder or granule bone substitutes as vehicles. It would help to improve the operation performance. In both ways, it would be best to contain minimum gel forming material; in other words, the high water content is the best for loading elements. Now, it is possible to produce imogolite nanotubes constantly in high purity with a safe and simple method, the imogolite is considered to be one of the promising materials for use in the biomaterials field. Recently, some researches on the imogolite aimed at applications for biomaterials have been published. Ishikawa et al. investigated the cellular responses of osteoblast-like cells on the imogolite scaffold and revealed that the cells showed good compatibility and enhanced mineralization [14, 15] . Some other groups have been researched on the preparation of the hybrid or composite gel with polymers. Yamamoto et al. have studied the preparation of the imogolite-poly(vinyl alcohol) composite and hybrid. In their report, the mechanical and thermal properties of the PVA film have been improved [16] . Also, they have attempted to prepare the hybrid gel consisting of pepsin and imogolite [17] . As for natural biopolymers, collagen or DNA has been studied to prepare the complex gel with imogolite [18, 19] .
Although imogolite attracts attention as one of the nanofibrous materials, its gel formation has been known as just a phenomenon. There are almost no reports focusing on the preparation of pure imogolite gel and its characterization. The viscoelasticity is one of the important parameters to characterize the properties of gels. Measured values of storage modulus and loss modulus reflect solid and liquid characters of the gel sample, respectively; thus rheometer is one of the most appropriate measurement tools to understand the characteristics of the gel.
In the present work, imogolite hydrogels were prepared from their dispersed solution and the rheological properties were characterized. The effects of the length of the nanotubes or pH of the dispersed solution on gel formation and properties were examined. Since imogolite, which is used in this work, has been synthesized in the acidic solution, it was possible to control the tube length of the imogolite by aging time of the solution. The tube length may affect the biological functions such as cellular responses due to its surface area. The pH level of the material is one of the most important parameters when it would be applied to biomaterials.
Materials and Methods

Preparation of Imogolite Dispersed Solution.
Imogolite was prepared, following previous reports by Suzuki et al. [6, 8] . An aluminium chloride solution and a sodium orthosilicate solution were prepared by dissolving reagent grade of AlCl 3 ⋅6H 2 O and Na 4 SiO 4 (Wako Pure Chemical Industries Ltd.) in deionized water, respectively. Na 4 SiO 4 aq was instantaneously added into AlCl 3 aq with vigorous stirring. The ratio Si/Al of resulting solution was 0.41. To this solution, 1M-NaOH was added at a rate of 2 mL/min until the pH of the solution reached 6.8. In order to desalinate, the solution was centrifuged. The precipitate was separated and dispersed again by adding deionized water. The final dispersed solution was adjusted to pH below 4 with HCl. The solutions were aged at 95 ∘ C for 1, 4, and 14 d, respectively. Some portions from each solution were oven-dried to measure the concentration of imogolite. All of the solutions contained approximately 0.07 wt% of imogolite.
Observation of the Imogolite Nanotubes and Measurement of Tube Lengths.
In order to examine the synthesized imogolite, an atomic force microscopy (AFM; NanoScope IIIa, Bruker AXS) was carried out. Samples for AFM measurement were prepared on the cleavage surface of mica using a thousandfold diluted imogolite dispersed solutions.
Gelation and Measurement of Gel Volume.
In order to obtain the pure imogolite hydrogel from its dispersed solution, a salting-out method was employed. The pH of the synthesized imogolite solution was adjusted around 6.8 for tube length varied samples (samples code: 1 d, 4 d, and 14 d) or 4.0-10 for pH varied samples (samples code: pH 4, 5, 6, 7, 8, 9, and 10) by dropping 0.1M-NaOH. A portion of the pH-adjusted sol was placed in a centrifuge tube and 1M-NaCl was added. The solution was mixed gently and left for 1 h. After the gelation, the solution was centrifuged for 10 min at 3000 rpm. The supernatant liquid was decanted off and the weight of remaining precipitate was measured. The gel state was confirmed by inverting the test tubes. A fraction of the weights of the gel and the initial solution was calculated as a gelation rate by
× 100.
(1)
Rheological Characterizations.
The rheological properties of the imogolite gel samples were examined using a rheometer (MCR101, Anton Peer, Japan). The parallel plate measuring system with a 25 mm in diameter plate geometry was applied and the distance between the measuring plates (the gap distance) was set to 1 mm. During all measurements, a constant temperature at 37 ∘ C was given regulated by a Peltier unit. The storage modulus ( ) and loss modulus ( ) were measured at various strain amplitudes at a frequency = 1 Hz. In addition, the frequency dependence of both moduli of the samples was measured from 0.1 to 10.0 Hz under the strain of 1%. Figure 2 shows an appearance of a typical imogolite gel at the bottom of a centrifuge tube. All gels were visually transparent. The imogolite hydrogel was prepared by the salting-out method and centrifugation; otherwise it is difficult to obtain such a transparent, high-water content hydrogel. It is because that once the imogolite gets dry, the nanotubes aggregate too tightly to redisperse. The gelation rates (gel weight) of the imogolite gels prepared from their dispersed solution with various tube lengths were shown in Figure 3 . Gelation rate dramatically increased between 4 d and 14 d samples. It is considered that the longer the lengths of the nanotubes are, the larger the spaces where water is held could be. The 14 d sample formed gel containing almost all of the liquid; however, it was quite unstable as it easily releases the water when it is taken out from the centrifuge tube. The gelation rate of the gel samples prepared from various pH of the dispersed solutions is summarized in Figure 4 .
Results and Discussion
Gelation.
In case of the solution with pH 4 or 5, it seemed that the sample solutions partially formed gel, but they were unstable and it was difficult to separate the gel from the supernatant by the centrifugal method with the current condition. There was almost no gel remaining after inverting the tube. If the pH values of the solutions are over 6, the gel moiety formed within the solution could be successfully separated by the centrifugal step and about 20% of the total solution could be constantly collected as the hydrogel. Based on the imogolite concentration of its dispersed solution, the water concentrations were calculated as ∼99.7% in average.
According to the International Union of Pure and Applied Chemistry (IUPAC), a definition of the gel is as follows: nonfluid colloidal network or polymer network, that is, expanded throughout its whole volume by a fluid [20] . So a hydrogel has a structure of a three-dimensional network consisting of colloidal particles or macromolecular chains, in which water is dispersed and held. In case of the imogolite hydrogel, the network is considered to be made up by the entanglement and hydrogen bonding among the imogolite nanotubes. Since the current imogolite gel has been prepared from its dispersed state, it was possible to retain a large amount of water within the spaces among the imogolite nanotubes, which have the considerable numbers of hydroxyl groups on the surfaces. The current gel can be classified as the physically cross-linked hydrogel, which has potential of thixotropic behavior.
Rheological Characterization.
In order to quantify and investigate the flow behavior and gel properties of the imogolite gel, stress sweep and frequency sweep tests were performed [21] . Parameters and specific characteristics as a deformation limit ( ), yield stress ( ), a crossover point of storage ( ) and loss moduli ( ) from stress-strain relationship, and gel strength in terms of from frequency sweep measurement were determined. Those values of the samples were summarized in Table 1 . 
Frequency (Hz) Figure 5 (b). Both moduli showed plateau regions in all samples throughout the frequency range. It is considered that the gel consisting of longer nanotubes showed more viscous character and could follow the applied strain so that the strain of the deformation limit increased. Whereas the applied stress at the deformation point, that is, yield stress, reflected the strength of the gel, the values of , which are considered as an indicator of strength of the gel, did not show the tube length dependence. The 4 d sample showed the highest storage modulus of 970 Pa, which is a magnitude higher than that of 1 d or 14 d, about 120 Pa and 100 Pa, respectively. The gel strength of the 14 d sample was lower than that of 4 d one, because the spaces among the imogolite tubes in the 14 d sample are considered to be too large to retain the water. Although a large amount of water is retained among the large space, the stability of the gel is not strong due to the weakness of the network connection, that is, hydrogen bonding. It was actually unstable as mentioned earlier and seems difficult to show appropriate handling performance. A peptide gel with storage modulus of ∼480 Pa has been reported to have good injectability [22] . The tube length of 4 d sample is believed to be optimum for the preparation of imogolite hydrogels.
Using the dispersed solution of 4 d aged imogolite, various pH-adjusted solutions were prepared by adding NaOH aq and their rheological characterization was conducted. Figure 6 shows the pH dependence of the viscoelastic behavior of the imogolite hydrogels. The measured storage modulus at a frequency of 1 Hz was plotted against pH of each imogolite gel. The storage modulus reached the highest value of approximately 1000 Pa at the pH 8 and then decreased significantly with increasing pH. It could be explained by the surface charge variation and the electrophoretic behavior of the imogolite nanotubes. It has been reported that the surface charge of the imogolite tubes changes from positive to negative depending on pH level. In the acidic environment, outer surfaces of the imogolite nanotubes are positively charged so that they repel each other and dispersed well. The isoelectric point of natural imogolite has been reported to be around pH 7 [23] . That is, the surface charge and mobility of imogolite nanotubes become zero. At this point, since the salting-out method has been applied in the current experiment, the added electrolyte put imogolite tubes close to each other and make them form hydrogen bonding resulting in the formation of the hydrogel. In the alkaline pH range, it is considered that generation of the negative charges at the inside of imogolite wall occurs [24] . The decrease of the storage modulus of the gel at pH 9-10 could be explained by this regeneration of weak electrostatistic repulsion at the edges of the imogolite nanotubes. It is revealed that the surface charges variation of the imogolite nanotubes may reflect the gel strength of the imogolite hydrogel.
Conclusion
In the present work, an inorganic hydrogel consisting of imogolite nanotubes has been prepared and its rheological properties were characterized. One of the extremely highwater content hydrogel preparation methods from imogolite dispersed solution has been successfully established. By applying a salting-out method, the gel substances were constantly obtained from the dispersed solution at pH range from 6 to 10 after centrifuging. The hydrogel could be prepared for the first time at almost neutral pH to our best knowledge. The gel strength reached the highest value when the gel was prepared from the 4 d imogolite (average tube length of ∼ 390 nm) and its solution of pH 8. It was revealed that the gel strength is affected by pH of the solution due to the surface charge variation of the nanotubes. This work is regarded as a part of the fundamental study of the characteristic of imogolite gel. It is expected that those findings about imogolite would break ground for its biomedical application.
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